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Aerobic organisms utilize 0 2 to oxidize foodstuffs into 
CO 2 and water in order to liberate nergy for the synthesis 
of ATP. The reduction of 0 2 is mainly catalyzed by a 
superfamily of enzymes, the haem-copper oxidases, which 
are structurally and functionally related, and may collec- 
tively be called 'respiratory enzyme' (das Atmungsfer- 
ment); they typically contain a binuclear haem (Fea3)- 
copper (Cu B ) centre to which the 0 2 is bound, and where 
it is reduced to water by electron and proton transfer. The 
reduction of 0 2 is linked to proton translocation across the 
mitochondrial or bacterial membrane, by which means 
energy is conserved for ATP synthesis [I]. 
Whilst much work has been done to understand the 
paths and mechanisms of electron and proton transfers in 
the respiratory enzyme, the approach of the substrate - 
dioxygen - to its site of binding has received less atten- 
tion. The crystal structure of cytochrome aa 3 from P. 
denitrificans hows that the O2-binding haem is buried 
deeply in the membranous domain of subunit I [2]. 
Woodruff and co-workers [3] demonstrated that CO ap- 
proaches the oxygen-binding site of the haem by way of 
Cu B. Verkhovsky et al. [4] found that this is likely to be 
the case also for 0 2 . Such results suggest hat 0 2 might 
approach the haem iron via a specific path ('channel') in 
the protein. The apparent second order rate constant of O 2 
binding to the respiratory enzyme is ca. 10 8 M- I s  -l , i.e. 
diffusion-controlled, and is at least 10-fold faster than 0 2 
binding to most other haemoproteins [5]. This would also 
* Corresponding author. Fax: + 358 0 1918296. 
0005-2728/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved 
PII S0005-272 8(96)00040-0 
suggest a diffusion path that may be largely unrestricted by 
protein residues and their molecular motions. 
Inspection of the electron density map of cytochrome 
aa~ from P. denitrificans reveals a highly hydrophobic 
channel from the binuclear site to the edge of subunit I, 
where it appears to exit between transmembranous helices 
IV and V (Fig. 1). It extends roughly in the plane of the 
membrane at a depth about 1/3 of the membrane thick- 
ness from the periplasmic surface. Fig. 2 shows that the 
channel exits from subunit I in the cleft formed by the two 
helix bundles of the V-shaped subunit III, and near the 
ends of the fatty acid side chains of a putative phospha- 
tidyl choline molecule bound to this subunit (see Ref. [2]). 
The channel thus bears an interesting relationship to the 
structure of subunit III and its positioning relative to 
subunit I. 
We have undertaken a systematic mutagenesis study 
with the aim at testing whether this channel might form the 
path for oxygen diffusion into the binuclear site. This work 
has been initiated by site-directed mutagenesis of the 
quinol-oxidizing cytochrome bo 3 of E. coli. The rationale 
has been to introduce steric hindrance into the putative 
channel. One problem of this approach is that the channel 
is relatively wide so that it might be difficult to achieve 
sufficient 'steric constriction' to slow down oxygen diffu- 
sion. Also, some of the channel wall residues are bulky 
already in the wild type enzyme. Moreover, the position of 
the mutated side chain is unknown, although modelling of 
likely conformations can provide some indications. 
Another problem is to ascertain that effects of such 
mutations are truly on O 2 diffusion rather than on some 
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other parameter. It is well known that the activity of the 
haem-copper oxidases is unlimited by 02 over a wide 
range of concentrations, and that the KM,ap p for 02 is in 
the low micromolar or submicromolar range. On the other 
hand, 02 binding to the binuclear site is very weak (K D 
ca. 0.3 raM; [8,9]). The l ow KM.ap p arises from effective 
kinetic trapping of O 2 to the binuclear site [8,9]. The key 
trapping process is the fast electron transfer from the low 
spin haem to the oxygen-bound haem. If this electron 
transfer is specifically slowed down, there is a proportional 
increase in KM,ap p [9]. 
The KM,ap p for 02 is also expected to increase propor- 
tionally if 0 2 diffusion into the binding site becomes 
sterically hindered, provided that the rate of 02 trapping is 
faster than the rate of 0 2 escape from the site. In such 
conditions the following approximate r lationship holds, 
KM ,app ~ ki,/kJ × KD (1) 
where KM,ap  is the 02 concentration i the medium at 
which half-maximal oxygen consumption velocity is 
ach ieved,  kin is the rate of electron donation into the 
enzyme, and k~ is the second order 0 2 diffusion rate 
constant into the binuclear site domain. K D is here the 
local ('true') dissociation constant of the Fe-O 2 complex 
(koff/kon), which involves the local 02 activity next to the 
haem iron rather than the [02 ] of the medium. 
Valine 287 (which is V279 in P. denitrificans; see Fig. 
1) is a highly conserved residue in helix VI of subunit I. It 
is located near the bottom of the channel, at its entrance 
into the domain between the oxygen-binding haem and 
Cu b. When this valine is changed into isoleucine, the 
steady state quinol-oxidizing activity of bacterial mem- 
branes and isolated cytochrome bo s remains unaffected in 
air-saturated buffers. However, at lower concentrations of
0 2 the activity is strongly inhibited relative to the control, 
so that KM,ap  for 0 2 is raised 10- to 15-fold (Fig. 3). As 
explained above, this effect would be consistent with steric 
hindrance of 02 diffusion into the binuclear site. Fig. 4 
shows the entrance into the binuclear site through the 
putative channel. The most likely positioning of the 
isoleucine side chain is indeed expected to cause steric 
hindrance, relative to the native valine. But, as discussed 
above, an increase in KM.ap  without effect on Vma x would 
also be expected if haem-haem electron transfer were 
inhibited [9]. Preliminary experiments have shown, how- 
ever, that this electron transfer is virtually unaffected in the 
V287I mutant (Verkhovsky, M., Morgan, J.E., Wikstrifm, 
M., unpublished). Another alternative xplanation is that 
the mutation causes an increase in the 'true' K D for 02, 
due to a decrease in kon for local 02 binding to the 
binuclear site metal(s). This possibility is difficult to ex- 
clude at the present ime because the valine/isoleucine is 
relatively close to the two metals. We clearly need more 
data on mutations in channel domains more distant from 
the binuclear site to substantiate he 02 channel concept. 
Meanwhile, we might speculate on the role of the 
Fig. 1. Stereo view of the putative 02 channel in subunit I of P. denitrificans cytochrome aa 3. The figure shows the 2 /FobJ-/Fcalc / electron density 
map, contoured at the 1.5 ~ level, and the atomic model around the channel, as viewed from the periplasmic side (outside) almost at right angles to the 
membrane plane. The black spheres on the right are the haem Fea3 and Cu B atoms of the binuclear centre; that to the left is the haem F%. The dashed 
arrow outlines the proposed channel. The figure was generated using programme O [6]. 
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Fig. 2. The putative 02 channel. The view is similar to that of Fig. 1. It 
shows a section of both subunits I (SU I) and III (SU III) with transmem- 
branous helices in light and dark grey, respectively. Haems a, and a~ and 
Cu B are also included (cf. Fig, 1), plus a putative phosphatidylcholine 
molecule (PC) bound to subunit lII (see Ref. [2]). The figure was 
produced using the programme MOLSCRIPT [7]. 
channel as a possible diffusion path for 0 2. We note that 
its orifice is in a region where the O 2 solubility is expected 
to be several-fold higher than in the aqueous phases on 
both sides of the membrane, i.e. it is ideally positioned for 
0 2 transport. The open structure of subunit III [2], and its 
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Fig. 3. Oxygen concentration dependence of respiration in isolated wild- 
type (W.T.) cytochrome bo~ and the mutant V287I. 02 consumption was 
measured polarographically at 25°C using ubiquinone-I and dithiothreitol 
as substrates. Solid lines, experimental data. Dashed lines, best fits with 
the indicated values for Vm~  and KM,ap . 
Fig. 4. Mutation of valine-279 (V287 in cytochrome bo3) to isoleucine. 
Side view from the putative channel into the binuclear site. Haem a 3 is 
shown on the left and Cu B with its three histidine ligands on the right. 
Helix VI with its native valine at position 279 is shown in light grey. The 
position of isoleucine-279 (black) was selected from the possible stable 
rotamers, as the one with the least contacts with other atoms. The 
modelling was done using the programme O [6], and the figure with the 
programme MOLSCRIPT [7]. 
position relative to the channel (Fig. 2), suggests that it 
may have a special function in 0 2 transport: Subunit III 
might prevent obstruction of the channel orifice by other 
proteins in the membrane. This may be essential in a 
membrane that is largely composed of proteins, and with 
frequent protein-protein contacts. At the same time, sub- 
unit III could provide large interaction areas with the 
membrane phospholipids, which may secure maximal rates 
of 0 2 diffusion from the O2-rich membrane into the active 
site of the respiratory enzyme. 
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